The aim was to evaluate the repeatability of dynamic measurement of the accommodative stimulus-response curve (ASRC) at three different dioptric speeds using a modified instrument and its agreement with two other methods. Methods: Twenty-nine adults (23.5 AE 2.0 years) were enrolled in the study. ASRC was measured monocularly using three methods: dynamic and static measurement using a motorised Badal system mounted on an open-field auto-refractor (WAM-5500, Grand Seiko Co., Ltd, Japan) and the minus lens technique. Dynamic measurements were conducted at three dioptric stimulus speeds to simulate continuous stimuli for ASRC ( 
The accommodative stimulus-response curve (ASRC) describes the accommodative response as a function of the accommodative stimulus. This curve can be used to derive important parameters of accommodation, such as the slope [1] [2] [3] [4] [5] of the accommodative response, the accommodative error index, 6, 7 which is calculated from the area between the regression line for the linear part of the accommodative curve and the 1:1 line divided by the correlation coefficient and the accommodative error area, 6 which is the area between the accommodative curve including the nonlinear region and the 1:1 line. These parameters also provide insight into potential relationships between accommodation and ocular anomalies, such as amblyopia 8 and myopia. [2] [3] [4] [5] 9 Traditionally, three main methods have been used to measure the ASRC: decreasing distance series, positive lens series and negative lens series at distance. Previous studies [3] [4] [5] have shown that these three methods yield different ASRCs, with higher responses obtained with the positive lens compared to the negative lens method. When applying these three methods, the target is not adjusted for lens-induced magnification and minification or changes in angular size due to changes in the fixation distance. Several authors 6, 10 have used a
Badal stimulator, which maintains a constant target size and minimises proximal accommodation; however, few studies 11 have determined the ASRC using the minus lens method with a near target despite poor stimulation of the accommodative response by negative lenses at distance. Usually, discrete 1.00 D stimulus intervals are used to save time and therefore, the fitted curve does not reflect the entire accommodative status because there are gaps between the measured stimuli. The slope of the accommodative response has been widely used to characterise the entire ASRC. Various studies [3] [4] [5] have used different approaches to investigate the relationship between the ASRC slope and different refractive groups. Results are affected by various factors, such as the target's luminance, 1 contrast 12 and spatial frequency. 13 Moreover, the ASRC slope is method-dependent and is flattest using the negative lens method at distance, suggesting that negative-lens-induced blur is the least effective at driving the accommodative response. As slope is an important parameter of the accommodative function, it is critical for clinicians to know its repeatability; however, there are no reports about the repeatability of the ASRC slope measurement. The ideal ASRC measurement for clinical and research applications should be quick and comprehensive to acquire the accommodative response over a large dioptric range in the minimum amount of time. Therefore, the aim of our study was to evaluate the repeatability of a continuous measurement of the ASRC using a motorised Badal system covering a wide range of dioptric stimuli and to analyse its agreement with other methods.
METHODS

Subjects
Twenty-nine young adults (six men and 23 women) from 19 to 28 years (23.5 AE 2.0 years, mean and SD) were enrolled in the study. Subjects were free of ocular diseases and had no anisometropia (defined as 1.00 D or more difference in spherical equivalent refractive power between the two eyes), no more than 0.50 DC astigmatism in either eye, with a visual acuity of 6/6 or better and with normal subjective push-up AA, that is, more than the minimum amplitude defined by the Duane-Hofstetter formula (15- 
Badal stimulator
A Badal stimulator was mounted on an open-field auto-refractor (WAM-5500; Grand Seiko Co., Ltd, Japan) coaxial with the measurement optics of the autorefractor and the fixation target. The fixation target was placed 4.5 metres in front of the subject's eye being measured, with the contralateral eye occluded. The Badal system consisted of a Badal lens (+5.71 D) and a mobile auxiliary lens (+3.33 D) that could be moved by means of a stepper motor controlled by a specific computer program (Figure 1 ).
Procedures
The accommodative stimulus-response curves were measured with the open-field auto-refractor under monocular viewing conditions using the following different methods sequentially: 1. static ASRC using a Badal stimulator (right eye); 2. dynamic ASRC using a Badal stimulator (right eye); and 3. static ASRC stimulated by minus lenses (left eye). The high-contrast (90.5 per cent) fixation target was a three by three array of 6/12 black tumbling E letters printed on a white background with a mean luminance of 25 cd Á m −2 at 4.5 metres and 8.5 cd Á m −2 at 33 cm. These luminance levels were chosen to maintain pupil size above the minimum recommended size of 2.3 mm or more 24 required by the Grand Seiko autorefractor to obtain reliable accommodative responses. The subjects were instructed to keep the target as clear as possible during the measurements and rest for at least five minutes between measurements. 
STATIC ASRC USING A BADAL STIMULATOR
The accommodative response was measured with the auto-refractor on the subject's right eye, while the accommodative demand was increased from −1.00 D in 1.00 D steps using the Badal stimulator until the subject could not exert any further response. For each demand, at least five valid measurements were obtained and the mean was calculated. Between each measurement, the subjects rested for a minimum of five seconds to fixate on distant targets.
DYNAMIC ASRC USING A BADAL STIMULATOR
Subjects viewed the 4.5 metre target with their right eyes through the modified Badal system, while their left eyes were occluded. The accommodative stimulus increased continuously from −1.34 D to +11.52 D at a constant speed, which was achieved by moving the auxiliary lens. The Grand Seiko was set to high-speed mode (continuous recording status) to collect refractive data at a temporal resolution of approximately five hertz. A laptop simultaneously recorded the synchronised accommodative stimulus (position of the auxiliary lens) and the accommodative responses through a custom-made program. Three different speeds (0.25, 0.40 and 0.55 D/s) were used and tested in a random order. The measurements were repeated three times for each speed. A minimum of five minutes rest was provided between repetitions to fixate distant targets.
MINUS LENS STIMULATED STATIC ASRC
This method was similar to that adopted by Anderson and colleagues. 21 Unlike the static and dynamic Badal methods, all measurements were obtained on the subject's left eye with the right eye occluded for practical reasons. Subjects were first instructed to fixate the three by three array of 6/12 letters at 4.5 metres and a minimum of five distance measurements were obtained. The subject was then instructed to look at the 33-cm target and keep it as clear as possible, while a minimum of five repeated measurements were taken. The accommodative demand was increased in 1.00 D steps by adding minus lenses at the spectacle plane (13 mm) of the left eye. For each minus lens, at least five repeated measurements were obtained and the mean was calculated. Between each measurement, a minimum of five seconds of rest was provided to fixate distant targets. The power of the minus lens was increased until no additional increase in the total accommodative response was measured.
The accommodative stimulus and the accommodative response at the corneal plane were calculated using the following two equations, 25 correcting for the effect of spectacle lenses on auto-refractor readings. 
AS
In the above equations, AS and AR represent the accommodative stimulus and response, respectively; 0.013 represents the vertex distance of the trial lens in metres; DTE represents the distance in metres from the target to the eye; the lens power is the overall power of the lenses placed in front of the eye; RE cornea represents the refractive error at the corneal plane and RawAR is the spherical equivalent autorefractor output at the corneal plane.
Data analysis
The ASRC obtained using each method was fitted with a third-degree polynomial equation.
6 Figure 2 shows an example for a single subject.
For the static Badal stimulator and the minus lens technique, the maximum accommodative response was defined as the highest response measured and the minimum accommodative response was defined as the lowest response measured (Badal) and as the distance auto-refraction (minimum lens). For dynamic ASRCs, the maximum and minimum accommodative responses were defined as the average of the five lowest and five highest responses measured, respectively. Objective AA was defined as the difference between the maximum and minimum responses. The slope of the ASRC curve was defined as the steepest slope of the third-degree polynomial fit.
Statistical analyses were performed using IBM SPSS Statistics, version 19 (SPSS, Inc, Chicago, Illinois, USA). The chosen level of significance was five per cent. To assess the repeatability of three measurements for each dynamic measurement speed, the within-subject standard deviation (Sw) was first calculated. Then, the precision, withinsubject coefficient of variation (CV) and 2.77 Sw were determined. Precision was defined as 1.96 Sw, which defines the likely limits of the difference between the measurement and the true value for 95 per cent of observations. The CV is the ratio of the Sw to the overall mean, representing the variability of a sample of measurements and 2.77 Sw 26 was calculated as 1.96√2 × Sw, which represents an interval within which 95 per cent of the measurements should fall. The normality of the data was confirmed by KolmogorovSmirnov test. Repeated measures analysis of variance (ANOVA) was used to compare the differences in the objective AA and the ASRC slope between the values collected with the static Badal stimulator method, the minus lens technique and the dynamic Badal method at three stimulus speeds. Fisher's least significant difference (LSD) post hoc test was applied for pairwise comparisons.
RESULTS
Repeatability of dynamic ASRCs under three different speeds
The repeatability of objective AA values worsened as the speed of the stimuli increased, although the differences in repeatability coefficients between slow and fast speeds were small ( Table 1 ). The repeatability of the slope was best at 0.40 D/s and worst at 0.55 D/s. Table 1 shows the mean value of objective AA for three repetitions at the three different speeds. No significant differences were found in the objective AA or slope among three repetitions at any speed (p > 0.05).
Agreement of objective AA
The measurement method significantly influenced the objective AA value 
Agreement of ASRC slopes
The ASRC slope varied significantly with the measurement method (F = 30.22, p < 0.001, Figure 4 
DISCUSSION
This study assessed the repeatability of dynamic ASRCs at three different dioptric speeds using a modified instrument, as well as the agreement of ASRCs obtained using three different methods. Two main ASRC parameters were analysed: the slope of the ASRC and the objective AA.
Comparison of the slope and objective AA of dynamic ASRCs at three speeds
The comparison of the objective AA and the slope of the dynamic ASRCs among three repetitions and three speeds showed that the mean objective AA and slope were affected by the stimulus-changing speed but not by repetition, indicating that the accommodation system behaved differently based on the stimulus-changing velocity but responded in a stable manner to each A B 
Figure 2. Example of three accommodative stimulus-response curves (ASRC) obtained using three methods in one subject: dynamic ASRC (A), static ASRC using a Badal stimulator (B, triangles) and minus lens stimulated static ASRC (B, circles
Comparison of objective AA and slope repeatability between dynamic ASRCs
The repeatability of the objective AA and ASRC slope varied with the dioptric speed of the changing stimuli; the highest speed showed the worst repeatability. The AA repeatability was worst at 0.55 D/s and best at 0.25 D/s, whereas the worst repeatability for the slope was obtained at 0.55 D/s and the best at 0.40 D/s.
Several optometric methods are available to measure AA and several studies have assessed their repeatability. Antona and colleagues 31 studied the repeatability of three subjective AA methods and demonstrated that the push-up technique exhibited poorer repeatability and a higher 34 implying that the repeatability of dynamic ASRC measurements at those two speeds was comparable to dynamic retinoscopy for the measurement of objective AA.
Dynamic versus static ASRCs under the Badal system
Measurements of static accommodation generated higher AA and steeper slopes than dynamic measurements even in the same Badal system, except for the similar objective AA obtained at 0.25 D/s with the static method. In other words, accommodation could be exerted more precisely with discontinuous stimuli. First, for static stimuli, the accommodative response has sufficient time to fully mature and reach a steady-state level; however, with the constant vergence changes during dynamic measurements, accommodation was unable to reach a steady state, resulting in decreased slope and AA values. Second, accommodative adaptation, 35 which decreases the accommodative lag over a sustained period of near fixation, may exist at a single stimuli during static measurement. In addition, the slope of Badal stimulator in our study (0.89 AE 0.09) was slightly higher than Lin and Jiang's results 6 obtained with a Badal stimulator (0.73 AE 0.06). This discrepancy may be due to the difference in the definition of the slope and the different fixation target used; we used the steepest slope of the accommodative response curve and E letters, while Lin and Jiang used the slope of the regression line over a stimulus range from zero to 5.00 D and a Maltese cross as the fixation target.
Minus lens technique
The minus lens technique produced the highest objective AA and steepest slope compared with the other two methods. Compared to the minus lens technique, static measurement with the Badal system underestimated the AA and slope by 10 per cent and 20 per cent, respectively. Several factors may be responsible for this discrepancy. First, although they were looking through a Badal optical system, the subjects knew that the target was 4.5 metres away. This might have caused a blur-proximal conflict, resulting in a lower slope compared with the minus lens technique. Second, target minification by the minus lens might decrease the lag of accommodation, because smaller targets would be unresolved without accurate accommodation. 36, 37 Third, the minus lens technique was performed at 33 cm, where the proximal cues of the fixation target play a nonnegligible role in accommodation; [38] [39] [40] however, another conflicting cue for accommodation accompanied by minification is changing the apparent distance of the target, 41 which would relax the response. During the minus lens measurement, no subject reported any impression of the target moving away, implying that the effect of the apparent distance was not obvious. 14 In our subjects with a mean age of 23.5 years, the objective AA obtained using the minus lens technique was 0.41 D lower than the predicted amplitude measured by Anderson and colleagues 21 with a similar procedure. This small difference might be partly due to the use of different fixation targets and a shorter fixation distance for far vision refraction (4.5 metres in our study versus 6.0 metres, that is, a difference of~0.05 D). Furthermore, the slope induced by the minus lens method at a close distance (1.11 AE 0.14) was much higher than that of the negative lens series conducted at distance by Abbott, Schmid and Strang 4 (0.79 AE 0.14) and Yeo, Yang and Tang   5 (highest in emmetropes, 0.40 AE 0.31). This discrepancy could have been caused by different methods used to calculate the slope, that is, the steepest slope of the third-degree polynomial fit in our study and the slope of the regression line in the two other studies. Moreover, additional proximal cues could induce a greater accommodative response.
Finally, the minus lens technique with a near target provided the highest estimate of the accommodative response among those three ASRC methods. MomeniMoghaddam and colleagues 16 showed that the minus lens technique with a near target generates a higher subjective AA than with a distance target, consistent with our results.
Limitations
There were several limitations to our study. First, for the same subject, we performed different methods on different eyes because of the physical constraints of our Badal system mounted on the Grand Seiko, which might have caused bias in our study; however, Vincent and colleagues 42 reported that young subjects with minimal anisometropia and astigmatism, which describes the sample in this study, exhibited very small differences in the accommodation response between fellow eyes for a range of viewing conditions assessed with an open-field autorefractor. Second, the non-randomisation of the order of the three methods may have led to a fatigue effect in the results and consequently the lower AA measured with the minus lens technique compared to Anderson and colleagues. 21 Third, the size of our fixation target might be considered large (6/12) compared to other accommodation studies, which often use 6/9; 4,5 however, Tan and O'Leary 43 have shown that the monocular accommodative response to Snellen letters at near and far was highest for our target size. Fourth, for the minus lens technique, to counterbalance accommodative pupil miosis, we had to decrease the lighting of the near target compared to the distant target to ensure that the pupil size was larger than the minimum recommended size (2.3 mm) for measurements with the Grand Seiko WAM-5500, as performed in previous studies; 4, 5 however, this difference should not have affected the accommodative responses of the subjects. Furthermore, to avoid accommodative fatigue, the repeatability of the static ASRC measurements was not tested, precluding a comparison of the repeatability of the dynamic and static ASRC measurements. Finally, monocular measurements ignore the possible impact of convergence factors accompanied with binocular fixation on accommodation and does not completely reflect natural viewing conditions.
CONCLUSION
The significant differences observed between the three methods used to 
